The theoretical and empirical causes and consequences of rarity are of central importance for both ecological theory and conservation. It is not surprising that studies of the biology of rarity have grown tremendously during the past two decades, with particular emphasis on patterns observed in insects, birds, mammals, and plants. I analyse the patterns of the biology of rarity by using a novel model system: snake communities worldwide. I also test some of the main hypotheses that have been proposed to explain and predict rarity in species. I use two operational definitions for rarity in snakes: Rare species (RAR) are those that accounted for 1% to 2% of the total number of individuals captured within a given community; Very rare species (VER) account for ≤ 1% of individuals captured. I analyse each community by sample size, species richness, continent, climatic region, habitat and ecological characteristics of the RAR and VER species. Positive correlations between total species number and the fraction of RAR and VER species and between sample size and rare species in general were found. As shown in previous insect studies, there is a clear trend for the percentage of RAR and VER snake species to increase in species-rich, tropical African and South American communities. This study also shows that rare species are particularly common in the tropics, although habitat type did not influence the frequency of RAR and VER species. This analysis also confirms the commonly accepted ecological hypothesis that body size and rarity are clearly and widely correlated in natural animal communities. However, in snake communities there is often an association between large and small species among the rare species, and a tendency for ophiophagous species to be rare. In addition, there was no support for the hypothesis that rare species should be typically phylogenetically primitive. The hypothesis that species with narrower realized ecological niches are more likely to be rare or very rare is supported by the evidence presented here on snake communities. In general, this study shows that snakes may make "model organisms" for studies on the biology of rarity. 1998), even though ectothermic vertebrates in general, and snakes in particular, have become "model organisms" for ecological studies in recent years Bonnet 2000, Luiselli 2006a , b for recent reviews). In this paper, snakes are used as a novel model system to explore and test some of the main hypotheses and predictions on rarity in natural communities of animals. Herein I ask the following questions on the biology of rarity to snakes:
(1) Does species distribution show geographical bias (Schoener 1987) ? Are rare species more prevalent in the tropics vs. temperate regions (Morse et al. 1988 , Novotny 1993 , Stork et al. 1997 ?
(2) Because snakes are carnivorous predators (Luiselli 2006a ) and large predators are usually scarcer than small predators (Cotgreave 1993 , Blackburn and Gaston 1999 , Spencer 2000 , are rare snakes more likely to be among the larger species in the community? A correlation between rarity and large body size was indeed suggested by earlier studies (Gaston 1994, Blackburn and Gaston 1997) .
(3) Are rare snake species characterized by narrow realized ecological niches and high degrees of specialization (Gaston 1996, Gaston and Curnutt 1998)? (4) Do rare species typically belong to phylogenetically old and/or primitive taxa (Cotgreave and Pagel 1997) ? That is: are some phylogenetically primitive families overrepresented in the samples of rare species?
Other hypotheses related to rarity, such as rare species more often have drastic, chaotic density fluctuations and limited dispersal abilities (Vandermeer 1982) , are not tested here because there is presently insufficient knowledge on snake ecology and life history to reasonably test these hypotheses.
Materials and methods
Data come from an extensive review of the literature and include published studies on the community composition of snakes worldwide from peer-reviewed journals and academic/technical dissertations (Luiselli 2006b ). I have also used personal unpublished data where applicable. I selected only studies that furnish re-analysable raw data, and from this group, selected studies that provide a dataset inclusive of all snake species sampled at a given study area. Consequently, excluded from this analysis are studies that focus on a particular subset of species, such as those taxonomically organized (sympatric species of a given family) or organized by guild (aquatic, arboreal, etc.) (Seigel et al. 1995) . Short term studies lasting fewer than one year were excluded because snakes are generally elusive (Greene 2001 ) and prone to demographic fluctuations due to external factors such as prey availability or drought (Andrén and Nilson 1983, Seigel et al. 1995) . Short-term studies are likely to underestimate the presence and frequency of elusive or rare species (Gibbons et al. 1997 , Fitch 1999 , so variation in the numbers observed may reflect sampling biases and not true patterns. Thus, only studies lasting at least two years were used for our analyses. Other studies considered inappropriate for this analysis include those (i) whose authors openly declared potential sampling biases toward specific snake guilds or species, (ii) in which data for only some species of the community are given (Marques et al. 2001) , and (iii) based merely on lists of specimens from a locality as available in museum collections. With regard to item iii, it is unclear if all the encountered specimens were collected, hence the variation in abundance among species may be dubiously depicted. Because of the strict selection criteria, just 35 community studies were analyzed out of 163 initially assessed.
One of the major difficulties in evaluating rarity is that there is no widely accepted definition, and the issue is even controversial (Gaston 1994 , Kunin and Gaston 1997 , Ulrich 2001a , Harcourt et al. 2002 . For example, a species may be naturally rare in a given community because the area surveyed is on the outskirts of its natural range (this is typical with species that are common globally, but that are locally rare; Harcourt et al. 2002) ; rarity might also be more of a result of human impact (i.e., over-hunting; one species preferred over another or due to cultural beliefs), vs. ecological factors. Additionally, the capture method used, the behavior of the species (not all the species are equally cryptic), time of sampling (i.e., season or time of day), and the size of the species may affect capture rate (Luiselli 2006c for a precise case study with snakes), and so result in a greater likelihood of capture of one species over another. This may be relevant in these studies and thus worthy of note. I define rarity in terms of relative percent of occurrence of species within random samples of snakes in a community, assuming that rare species (i.e., species with low relative density) should occur at least occasionally during sampling. In a meta-analysis such as this, this is the only practical criterion that can be used with snakes because snakes are too elusive to establish with any confidence, for every species in a community, population density (Filippi 1995 , Luiselli 2006c ). Operatively, I define "rare species" (RAR) as those that occur with a frequency of 1.01% to 2% of the total number of observed individuals in a given community. "Very rare species" (VER) are those that occur with a frequency of ≤1%. Only snake communities in which at least 50 different individuals were captured are included in this study. In a few cases (Table 1) , the number (and relative proportion of occurrence) of VER species was incalculable because the 1% criterion was not satisfied (i.e., sample sizes were too small). In these cases, I only considered the number of RAR species (those satisfying the 1% to 2% criterion) for analysis. Overall, my definition of rare species is similar to that of McDonald and Thompson (2004) , where rare populations are defined, from a statistical sampling viewpoint, as those with a low probability of detection, because they occur in low numbers, are cryptic, or have a clumped distribution over wide areas.
Although this study is based on research conducted worldwide and in a wide variety of environments (Table  1) , there is disproportionately more studies from certain countries, such as the USA and Italy, where researchers have traditionally given greater attention to snake community ecology. Therefore, it is possible that some of the conclusions might be influenced by the relative weight of datasets from these countries. Nonetheless, this potential bias could not be ascertained given the present state of knowledge on snake communities; further studies from a wider range of countries are needed.
Statistical analyses
Two variables were compared using Spearman's nonparametric correlations. One-way Analysis of Variance (ANOVA) was used to assess means and dispersion measures with multiple comparisons; when appropriate, Tukey's HSD post-hoc test was used to assess "direction" of the ANOVA comparisons. In order to test whether some snake families were over-or under-represented in the RAR and VER species samples, I compared the relative frequency of the various families in RAR and VER with their expected frequency calculated by the absolute number of species per family, and used observed vs. expected χ 2 as statistical test. The number of described species for each family is given in Halliday and Adler (2002) . All statistical tests were performed by SPSS (version 11.0 for Windows), with all tests being two-tailed and alpha set at 5%.
Results and discussion

Broad patterns of rarity in snakes
Raw data are summarized in Table 1 . Overall, there is a significant negative correlation between sample size (number of individual snakes captured at each site) and the percentage of RAR species (rs = -0.377, n = 35, p < 0.05) and a non-significant correlation between sample size and the percentage of VER species (rs = 0.333, n = 29, p = 0.078). The number of species present at each site, or species richness, was correlated with the absolute number and relative proportion of occurrence of rare species. The absolute numbers of both RAR and VER species were significantly and positively correlated to species richness (RAR, rs = 0.869, n = 35, p < 0.01; VER, rs = 0.893, n = 29, p < 0.01; Figs. 1a and 1b). A positive correlation was also present between species richness and percentage of RAR species (rs = 0.711, n = 35, p < 0.01) and percentage of VER species (rs = 0.717, n = 29, p < 0.01; Figs. 1c and 1d ). The number of RAR species and percentage of RAR species (%RAR) were significantly correlated (rs = 0.937, n = 35, p < 0.01), as was the number of VER species and percentage of VER species (%VER) (rs = 0.936, n = 29, p < 0.01), so only %RAR and %VER species were used in the following analyses.
This positive correlation between total species number and the fraction of RAR and VER species mirrors evidence presented by Novotny and Basset (2000) , who reported a similar relationship between fractions of singletons (species represented by a single individual in a sample) and species richness in leaf-chewing insect communities. However, this relationship has been not observed in other study systems of insects (Ulrich 2001a ). Novotny and Basset (2000) observed a significant correlation between sample size and the fraction of singletons, which is again similar to the results presented here, but where RAR and VER fractions are considered instead of singletons. In this study case, the result may be in part a statistical artefact dependent on the fact that I considered arbitrary percent frequency values for RAR and VER. Thus, the total number of rare species necessarily increases with increasing species richness, and this may in turn increase the proportion of rare species. For example, if we take a community following a canonical lognormal distribution, for ten species about four will account for less than 1% of total count, and in a community of 50 species 38 will have a frequency of less than 0.01 and for 100 species 86 (these values were estimated by computing 100 communities each). Thus, the frequency of rare species may apparently increase although all communities have identical structure. The example is also similar to the concerns of Nee et al (2005) on the illusion of biological invariants.
Are there geographical biases in the distribution of species? Are there more rare species in the tropics than in the temperate regions?
The percentage of RAR species was significantly different among continents (one-way ANOVA, F 5,34 = 4.922, p < 0.002), being much higher in Africa and South America than in Europe and North America (Tukey post-hoc test, p < 0.01, after excluding Australia and Asia because each had only one study; Fig. 2a ). The percentage of VER species was also significantly different among continents (one-way ANOVA, F 4,28 = 5.021, p < 0.004), being much higher in South America (Tukey post-hoc, p < 0.01). Both percentages of RAR species (F 1,34 = 19.256, p < 0.0001) and VER species (F 1,28 = 8.085, p < 0.008) were significantly higher in tropical than in temperate areas. Habitat type did not affect %RAR (F 7,34 = 0.621, p = 0.732) or %VER (F 7,28 = 1.198, p = 0.365); also the interaction habitat × continent was not significant on %RAR (F 3,34 = 1.275, p = 0.311) or on %VER (F 3,28 = 1.816, p = 0.191).
Overall, this study demonstrates consistent trends regarding the percentage of RAR and VER species (i.e., the frequency of rarity): These species are more likely to occur Table 1 . Summarized dataset used for this study, including study area, sample sizes, number and relative percentage of rare (RAR) and very rare (VER) species, habitat type, country, continent, and pertinent literature entry. Note that habitat types are simplified for allowing comparisons between areas; for instance, all prairie-like grasslands are considered 'savannah', all types of swamped areas are considered 'wetlands', etc. (Schoener 1987 , Morse et al. 1988 , Novotny 1993 , Stork et al. 1997 , Ulrich 2001a . Although this study does not focus on singletons, but instead on relative measures of rare species, the conclusions drawn here are congruent with those of the above-mentioned previous research. It is possible that differences between tropical and non-tropical regions (which also show continental differences in this study) are the result of lower absolute densities of several tropical species (Schoener 1987 , Price et al. 1995 , Ulrich 2001a , or that the higher frequency of rarity in the tropics may depend on different patterns of resource distribution and niche apportionment in snake communities (Hughes 1986 , Tokeshi 1990 , Bersier and Sugihara 1997 , Kunin and Gaston 1997 , Moulliot et al. 2000 , Novotny and Basset 2000 , Ulrich 2001b , Johansson et al. 2006 . However, as the operational definition of rarity used in this paper (as well as in many equivalent studies) may influence the frequency results, it may also influence the latitudinal gradient and continental differences we detected because these differences are strongly connected with differences in total species richness. In any case, snakes may be useful models for further analyses on the theme of rarity in tropical vs. temperate regions, and I strongly encourage scientists to give attention to this noteworthy issue. Are rare species of snakes characterized by larger body size?
If rarity in snakes is positively associated with large body size, we should expect the largest species in a community (for instance, Elaphe quatuorlineata in Mediterranean assemblages, or the larger pythons, anacondas, and boas in the tropics) should commonly appear among the RAR and VER species. Once RAR and VER species were pooled in the analyses (Appendix 1 for a list of species by locality), disproportionately larger species were associated with RAR or VER in 35.7% of the study areas. Comparing these observed values with random draws of species among sizes generated by 3 × 10 4 Monte Carlo simulations, it resulted that the observed value was significantly larger (p < 0.01 at χ 2 test) than those randomised. However, in several cases the presence of large species in the RAR or VER categories was also associated with the presence of several smallersized species. For instance, at a Senegalese savannah locality, the presence of the giant rock python (Python sebae) was accompanied by very small Typhlops, Leptotyphlops, and Crotaphopeltis species in the RAR/VER groups, and at one Mediterranean forest locality (Oriolo Romano) the occurrence of the large-sized Elaphe quatuorlineata as VER was accompanied with that of Coronella austriaca, the smallest snake of the area, as RAR (Appendix 1). Therefore, overall this data does support the prediction that rarity is typically correlated with large body size, in agreement with Gaston (1994) and Blackburn and Gaston (1997) arguing that large body size is the only clearly established pattern in biology of rarity studies. However, in snakes these patterns are more complicated and often reveal asso- ciations of very large and very small species among the rare species within communities. I suspect that the reason the small size snakes were rare, along with the predicted rarity of large snakes, is due to the generally secretive nature of small snakes. This is important to mention because assuming that the number of detections is an index of rarity may be biased by some cases of true rarity (low numbers of individuals) for the large snakes and low detection probability with the small snakes. The fact that in several snake communities there is no evident correlation between absolute body size and rarity may be explained because, as ectotherms, most snake species consume relatively little biomass; if prey availability is one factor that limits the abundance of large endothermic carnivores we might in fact not expect the abundance of large snakes to be limited in the same way. This would be a very interesting finding indeed, and certainly this hypothesis needs further exploration.
Are rare snake species characterized by narrow realized ecological niches and high degrees of specialization?
To answer to this question, it is necessary to focus on snake communities constituted by species that are relatively well known in ecological terms. I therefore must exclude the species-rich communities of tropical South America (because the ecology of its various species is nearly unknown) and instead focus attention on the communities from Mediterranean Europe, Australia, tropical Africa, and North America, where species have been well researched during the past few decades (Luiselli 2006a and 2006b ).
In the Mediterranean communities, the smaller-sized colubrids of the genus Coronella are the only species with a narrow realized niche, having strictly selective habitat requirements (at least in Mediterranean regions, Bruno and Maugeri 1990, Filippi and Luiselli 2006) , including being nocturnal and semi-fossorial (Agrimi and Luiselli 1994) and dietary specialists (feeding primarily on lizards, with less than 7% of their diet varying among populations, Luiselli 2006a). Thus, it was not surprising that species in this genus were considered RAR or VER in all of the study areas where they were found (Appendix 1). In the Australian study case (Shine 1977) , although there were no RAR species, two VER species were identified: 1) Cryptophis nigrescens, a moderate-sized, fossorial, and nocturnal (hence difficult to detect) snake that feeds mainly on diurnal scincid lizards at night when the lizards are sleeping (but also on mammals and even other snakes, Shine 1984), and 2) Vermicella annulata, also fossorial and a dietary specialist (Shine 1980 (Shine , 1993 .
In tropical African rainforests and savannahs, several species have narrow niches, such as the obligate egg-eaters of the genus Dasypeltis (Chippaux 1999) , the snake-eaters of the genus Mehelya (Shine et al. 1996) , and the morphologically specialized burrowers of the genera Atractaspis, Typhlops, Rhinotyphlops, and Aparallactus (Luiselli et al. 1998 , Shine et al. 2006 . These species were regularly present among the RAR and VER species at each African site, although almost invariably together with several species that do not exhibit obvious specialization characters. However, it should also be mentioned that these African genera are burrowing, and thus they may appear rarer than they actually are just because their sampling is difficult in the field. With regard to North America, there are less obvious patterns of ecological characteristics of rare snake species, although some genera (Farancia, Heterodon, Lampropeltis, Storeria, etc.) were frequently observed among RAR and VER species (Appendix 1). These species, however, are often food generalists and hence the pattern in North America is not in agreement with data from other continents.
There are several obligate or nearly-obligate ophiophages among snakes (for instance, the king cobra Ophiophagus hannah, several colubrids including the mussurana Clelia clelia, etc), and I would expect there to be a very direct link between ophiophagy and rarity in a snake community. Unfortunately, the available data are too scarce to investigate this potentially relevant subject. However, some of the species which feed frequently on other snakes (for instance, the African file snakes of the genus Mehelya and the stiletto snakes of the genus Atractaspis, and the south-American Clelia) appeared frequently among RAR or VER species (Appendix 1). This evidence may strengthen the hypothesis of a link between ophiophagy and rarity in snakes, but we definitely need more data for a final conclusion on this issue.
Overall, on the basis of the above-mentioned arguments, we may predict some of the ecological characteristics of rare snake species: Species having narrow ecological niches, especially if they are small-sized, fossorial, and/or dietary specialists, are more suspectible to rarity. Thus, I predict that further studies will generally show that snakes with the above-mentioned ecological characteristics are more likely to be rare in the natural communities of these organisms, this fact being independent of continent, habitat, or climatic region. Do rare species typically belong to phylogenetically old and/or primitive taxa? If Cotgreave and Pagel's (1997) hypothesis that rare species should be mainly those phylogenetically old/primitive is correct, we should expect that phylogenetically primitive families of snakes are over-represented in the samples of rare species. I used the phylogenetic tree given in Fig. 3 (redrawn from Halliday and Adler 2002) to subdivide the various snake families into phylogenetically primitive (Scolecophidia), intermediate (basal Alethinophidia) or advanced snakes (Caenophidia), and compared the observed and expected number of rare species by taking into consideration the relative number of species described for each family across the world (Table 2) . Overall, 206 different species of snakes were listed as RAR or VER in the various study areas (Appendix 1 for a catalogue of the species names divided by locality). The observed distribution of rare species by family did not differ significantly from expected (χ 2 = 16.2, DF = 17, p = 0.511), and the same was true also when pooling the various families according to their broad group (χ 2 = 4.15, DF = 2, p = 0.125; Fig. 4 ). Fig. 4 . Comparison between the percent frequency of occurrence of rare species (RAR + VER) in the reviewed literature (total n = 206) and the percentage of known species classified by family in relation to the total number of snake species (n = 2718), in the three broad taxonomic groups of snakes. Subdivision of snake families by broad taxonomic group follows Therefore, I conclude that snake studies do not support the hypothesis of Cotgreave and Pavel (1997) , which was based on a study of birds in Australia and therefore may well be valid for many other groups of animals.
Conclusions
This study has revealed noteworthy patterns associated with snake rarity worldwide. Some of these patterns previously have been highlighted in other organisms and are now confirmed with snakes, such as the positive correlation between total species number and the fraction of rare and very rare species, and the tendency of the fraction of rare species to increase in species-rich, tropical communities of snakes. Snakes also confirmed the theory that rarity is often associated with large body size, but with subtle differences from other animal types (i.e., very small species are also often rare in snake communities). I also demonstrated that snakes may be useful in testing whether species with narrower realized niches are more likely to be rare or very rare (as predicted by Gaston 1996 and Curnutt 1998) . This study, however, contradicts previous research on birds indicating that rare species are typically those that are phylogenetically primitive. In general, my study reveals that snakes have the potential to become 'model organisms' for studies on the biology of rarity, and therefore I strongly urge other scientists to carry out further studies on the community ecology of snakes with an emphasis on rarity research. Further research should verify whether the patterns emerging from this study are in part due to statistical artefacts or are really true for snake communities worldwide. Causus maculatus corpulenta, Typhlops congestus
